Design. in the process of cell division, the extremes of the eukaryotic chromosomes are progressively shortening, and this phenomenon is related to cell degeneration and senescence. the treatment of cartilage lesions with autologous chondrocytes implies that cells proliferate in an artificial environment. We have studied the viability of cultured chondrocytes after measurement of their telomere length before implantation. Methods. articular cartilage biopsies (B1, B2, and B3) were obtained from 3 patients (2 males and 1 female) with knee cartilage defects, who were going to be treated with chondrocyte implantation. Chondrocytes were cultured in DMeM with autologous serum. after the third passage, an aliquot of 1 million cells was removed to estimate the telomere length and the remaining cells were implanted. telomere length was measured by quantitative fluorescent in situ hybridization (Q-FiSH). Patients' clinical outcome was determined preoperatively, and 12 and 24 months postimplantation with the international Knee Documentation Committee (iKDC) questionnaire. Results. after chondrocyte implantation, iKDC score doubled at 12 and 24 months with regard to the basal value. after 3 passages, chondrocytes were cultured for a mean of 45.67 days, the mean duplication time being 4.53 days and the mean number of cell divisions being 10.04 during the culture period. the 20th percentile of telomere lengths were 6.84, 6.96, and 7.06 kbp and the median telomere lengths 10.30, 10.47, and 10.73 kbp, respectively. No significant correlation was found between iKDC score and telomere length. Conclusion. Culturing autologous chondrocytes for implantation is not related to cell senescence in terms of telomere length.
Introduction
Articular cartilage is an aneural, avascular, and alymphatic tissue located at the end of the bones, whose main function is to preserve joints. Because of the aforementioned characteristics, articular cartilage has limited potential to selfrepair.
1,2 Articular cartilage injuries are quite common in joints such as knee, ankle, or hip, and if left untreated, may progress to osteoarthritis. 3, 4 Current therapies, such as transplantation of healthy cartilage, mosaicplasty, or microfracture of the subchondral bone plate have many limitations. [5] [6] [7] In past decades, research focused on developing techniques to stimulate cartilage repair and tissue regeneration, in particular cell therapy techniques such as autologous chondrocyte implantation (ACI). 8 The technique involves harvesting and expanding articular chondrocytes from a minor loadbearing area and reimplantation of the cultured cells in the damaged area of the cartilage. [8] [9] [10] [11] Cell culture is an artificial system in which cells are maintained outside their natural environment. In the case of chondrocyte cultures, a cell type that usually remains without proliferating or dividing at a low rate in the intact tissue, is induced to expand under in vitro culture conditions. The aim of a cell culture for cell therapy use is to have a high enough number of functional cells at the end of the process to be implanted to the patient. To achieve this, cells are divided several times and in each cell cycle, DNA is also replicated. Eukaryotic genome is linear and is organized in individual chromosomes. During chromosome replication, the enzymes that duplicate DNA cannot continue their duplication all the way to the end of a chromosome. Chromosomes are therefore shortened by 50 to 150 bp after 749918C arXXX10.1177/1947603517749918CARTILAGELópez-Alcorocho et al.
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1 research Unit, Clínica Cemtro, Madrid, Spain 2 life length, Madrid, Spain each replication cycle. [12] [13] [14] Telomeres are capping structures at the ends of eukaryotic chromosomes composed of TTAGGG repeats bound to an array of specialized proteins. 15 Telomeres protect the end of the chromosome from deterioration or from fusion with neighbouring chromosomes. 16, 17 Telomerase is a ribonucleoprotein complex that regulates chromosome length by protecting chromosome ends from shortening. 18, 19 Telomerase has been shown to be specially active during embrionic development, protecting telomeres, but this enzyme loses its catalytic activity over time and becomes inactive when the organism is completely developed. 20, 21 Telomere shortening is related to cell senescence, viability, and ageing. 22, 23 Even more, short telomere length is associated with the development of several diseases such as osteoarthritis. 24, 25 It has been published that chondrocytes may dedifferentiate under in vitro culture conditions. Furthermore, this dedifferentiation could affect cell phenotype and cells' "biological" age because of the fact that cells are divided several times when they are cultured. 26 Chondrocytes used in the ACI technique are usually cultured for no more than 3 passages and some of their phenotypic characteristics (gene expression of type II collagen and aggrecan and lack of type I collagen) are studied after their implantation to patients. 27 However, as the tissue synthetized after cell implantation is hyaline cartilage, we can presume that cells' senescence is not affected by their in vitro manipulation.
In humans, telomeres are 5 to 15 kbp of the TTAGGG sequence repeats that terminate in a single-stranded 3′ G-rich overhang of 50 to 300 bases. 28 Although a critically short telomere length has not been established, the relationship between cell senescence and defined telomere lengths has been published. Thus, cultured fibroblasts appear to senescence when telomere length is around 4 to 6 kbp. 29 These short telomeres are related to chromosome fusion phenomena and therefore with the cell viability. 30 Telomere length measurement could thus give us a perspective about the functional status of ACI used chondrocytes.
The aim of this work is to estimate the telomere length of cultured chondrocytes before implantation in patients with articular cartilage defects in order to determine the critically short telomere proportion while trying to establish a relationship between the presence of these critically short telomeres and cell viability.
Material and Methods

Patients
Biopsies (B1, B2, and B3) from 3 patients: 2 males and 1 female were included in the study. Patient ages were 36, 40, and 42 years and all of them had cartilage lesions of the knee, Outerbridge grades III or IV. In all 3 cases, biopsies were taken from a nonbearing area of the medial condyle. All patients signed an informed consent and the study was approved by the Education and Research Committee of the hospital. The subjective perception of the symptoms and function of the operated knee was assessed at baseline, 12 months postimplantation, and 24 months post-implantation using the International Knee Documentation Committee (IKDC) score.
Cell Cultures
Cartilage biopsies were placed in sterile tubes containing Dulbecco's Modified Eagle Medium (DMEM; Lonza Group Ltd., Basel, Switzerland) and processed to isolate the chondrocytes following the previously published procedures in a sterile GMP (Good Manufacturing Practice) certified room, approved by the Spanish Health Authorities. 31 Briefly, chondrocytes were isolated after overnight digestion at 37°C with 1 mg/mL collagenase A (Roche Diagnostics GmbH, Mannheim, Germany). Cells were cultured in DMEM supplemented with 10% of autologous serum, l-glutamine, and penicillin-streptomycin and incubated at 37°C, 5% CO 2 , and 95% relative humidity. The culture was revised daily and every 3 days the old medium was removed and changed for fresh medium. When the culture reached 80% confluence cells were detached with 0.05 mL/cm 2 of 200 mg/L trypsin-ethylenediaminetetraacetic acid. A maximum of 3 passages were performed in each culture until 40 to 50 million cells were obtained. After the third passage, cells were harvested and an aliquot of 1 million chondrocytes was used to estimate telomere length. The remaining cells were implanted to patients. In each culture, the doubling time and the number of cells in each division were estimated by the trypan-blue exclusion method, assuming that cells growth exponentially. 32 
Telomere Length Determination
Telomere length was estimated by quantitative in situ fluorescent hybridization method (Q-FISH) studying 10 metaphases following the method described by Canela et al. 33 Each telomere length determination was repeated 5 times.
Q-FISH is based on the hybridization of telomeres with a fluorescent Peptide Nucleic Acid (PNA) probe that recognizes 3 telomere repeats. Images of nuclei and telomeres are captured by a high-content screen system. The intensity of the fluorescent signal from telomeric PNA probes that hybridizes to a given telomere is linearly proportional to the length of the telomere. Intensities of fluorescence are translated to telomere length by comparing the obtained intensities of fluorescence versus standard regression curve built with control cell lines of known telomere length (Life Length, Madrid, Spain). To perform the Q-FISH procedure, cells were seeded in a clear bottom black-walled 384-well plate at a density of 30,000 cells per well with 8 replicates of each control cell line. Two identical independent plates were prepared for each set of samples. Cells were fixed with methanol/acetic acid (3:1, vol:vol). On the next day, fixed cells were treated with pepsin to digest cytoplasm. Nuclei were processed for hybridization in situ with the PNA probe. After several washing steps following standard 4′,6-diamidino-2-phenylindole (DAPI) incubation for DNA staining, the wells were filled up with mounting medium and the plate was sored overnight at 4°C. Ultraviolet and 488 nm wavelengths were used to detect DAPI and PNA probe signals, respectively.
Statistical Analysis
Statistical analysis was performed using IBM SPSS Statistics v. 22 software for Windows. Telomere length distribution and median telomere length were calculated by inhouse software. In all cases, 20th percentile and coefficient of variation were calculated.
Results
Two patients had chondral lesions of the right knee (medial femoral condyle in one case and medial femoral condyle, trochlea, and patella in the other) and the other patient had a single lesion in the medial femoral condyle of the left knee ( Table 1) . Patients were implanted with HD-ACI (5 million chondrocytes per cm 2 ) and 1 million cells were used for telomere length measurement. Patients' clinical outcome, estimated as the IKDC score at baseline, 12 months, and 24 months is depicted in Figure 1 . As shown in Figure 1 , IKDC increased in all cases from baseline to 12 and 24 months, improving each patient's subjective perception concerning functionality of operated knee.
The parameters describing cell growth are shown in Table 2 . After 3 passages, cells were cultured a mean of 45.67 days, the mean time in which the number of cells was doubled was 4.53 days, and the mean number of cell divisions during this time was 10.04 ( Table 2) .
A representative metaphase of Q-FISH from each cartilage biopsy is shown in Figure 2 . Cell nuclei are stained in blue and telomeres appear in green color as a result of the hybridization of PNA probe labeled with a fluorescent decoy (Fig. 2) . Distribution of telomere lengths is shown in Figure 3 . As shown in Figure 3 and Table 3 , the 20th percentile of the telomere length was 6.84, 6.96, and 7.06 kbp and the median telomere span was 10.30, 10.47, and 10.73 kbp, respectively. In all 3 patients included in this study, there was no correlation between IKDC score improvement at 12 and 24 months with regard to the basal visit and the telomere length.
Discussion
Nowadays, autologous chondrocyte implantation is the only treatment that can regenerate articular cartilage after a lesion. [8] [9] [10] [11] 37 In cell therapy, the cell is the protagonist. The source tissue is manipulated to obtain cells that are going to be converted into a medicine after several in vitro divisions. It is well known that telomere shortening after cell division is related to cell senescence and telomeres shorter than 4 kbp may be considered as critically short telomeres. 29 So, the question is: Have the implanted cells been substantially affected in terms of telomere length after their in vitro expansion? The present work represents a first attempt to answer this question, and therefore telomere length of implanted autologous chondrocyte and, especially, the critically short telomere (shorter than 4 kbp) proportion were studied.
To perform the present work, we have studied the telomere length of those same cells cultured from 3 patients who were going to be implanted with autologous chondrocytes. The 3 patients had chondral lesions in the patellofemoral joint. In a recent study published by Schuette et al., 34 it has been shown that patients with chondral lesions in the patellofemoral joint have good mid-and long-term clinical outcomes. In fact, IKDC improvement after 12 and 24 months was seen in the 3 patients included in our study, indicating the effectiveness of the chondrocyte implantation measured by patients' subjective perception of their knee functionality. As mentioned above, autologous chondrocyte implantation is currently considered as an effective technique and huge scientific evidence has been published concerning the short-, mid-, and long-term effectiveness of the technique, 9,10,31,35,36 so our results are in agreement with those published, despite the low number of patients included in our study.
The chondrocytes implanted in the patients included in the present study were cultured for a mean time of 45.67 days, in which 3 passages were done, with 10.04 being the mean number of cell divisions occurring during the culture period. Cultured cells have a limited capacity to divide and when this limit, called Hayflick's limit, is reached, cells become senescent. 37 This phenomenon, in which the limit has been overpassed, is in many cases the key step for the malignant transformation of the cells which is a telomere dysfunction allowing cells to divide indefinite and uncontrollably. 38 In several human cells such as fibroblasts, this form of senescence linked to DNA replication and called replicative senescence occurs after 60 replicative cycles. 39 In the case of chondrocytes, it is documented that these events which lead cells to senescence occur even earlier and may very well be reached just after 30 or 35 population doublings. 40 The results found in chondrocytes included in the present study indicate that they have not overpassed Hayflick's limit and are thus not senescent, since they have had a mean 10.04 cell divisions.
Replicative senescence is accompanied by telomere shortening and is related to degenerative diseases such as osteoarthritis. 39 In the samples included in our study, 20% of telomere lengths were between 6.8 and 7.0 kbp long (20th percentile) for all 3 cases and 50% of them were between 10.3 and 10.7 kbp (median). This result indicates that telomere length for implanted cells is long enough to think they are not senescent from the point of view of telomere length. In fact, senescence has been shown to start in cultured fibroblasts when the telomere length is between 4 and 6 kbp. 19 Although chondrocytes and fibroblasts are 2 different cell types, with different division rates under natural circumstances, we may speculate that chromosome erosion and fusion phenomena are mainly related to these extremely short telomeres and, in the case of the implanted chondrocytes, the telomere length thus obtained may guarantee that no such chromosome aberrations occur. In fact, in all 3 cases patients had excellent clinical outcomes, unrelated to telomere length. In addition, these 3 patients are around 40 years old (maximum age for chondrocyte implantation in our unit is 55 years), so (not senescent) telomere length values are not due to their age. We could hypothesize that measurement of telomere length after 3 passages during cell culture in young patients would improve our results.
Taking all these results as a whole, we can conclude that cultured chondrocytes for implantation are not senescent, at least in terms of telomere length and number of cell divisions involved in the 3 passages carried out to obtain the necessary number of cells for high-density autologous chondrocyte implantation.
The main limitation in our study is the low number of samples included. However, given the low variation coefficient estimated from the telomere length measurement, it may be argued that these results are consistent enough to think that it can occur in all cultured and then implanted chondrocytes under the same culturing conditions, involving cell isolation, culture media, and number of passages. 
